The glycine decarboxylase complex consists of four different component enzymes (P-, H-, T-and L-proteins). The 14-kDa lipoamide-containing H-protein plays a pivotal role in the complete sequence of reactions as its prosthetic group (lipoic acid) interacts successively with the three other components of the complex and undergoes a cycle of reductive methylamination, methylamine transfer and electron transfer. With the aim to understand the interaction between the H-protein and its different partners, we have previously determined the crystal structure of the oxidized and methylaminated forms of the H-protein. In the present study, we have crystallized the H-protein in its reduced state and the L-protein (lipoamide dehydrogenase or dihydrolipoamide dehydrogenase). The L-protein has been overexpressed in Escherichia coli and refolded from inclusion bodies in an active form. Crystals were obtained from the refolded L-protein and the structure has been determined by X-ray crystallography. This first crystal structure of a plant dihydrolipoamide dehydrogenase is similar to other known dihydrolipoamide dehydrogenase structures. The crystal structure of the H-protein in its reduced form has been determined and compared to the structure of the other forms of the protein. It is isomorphous to the structure of the oxidized form. In contrast with methylaminated H-protein where the loaded lipoamide arm was locked into a cavity of the protein, the reduced lipoamide arm appeared freely exposed to the solvent. Such a freedom is required to allow its targeting inside the hollow active site of L-protein. 
The oxidative decarboxylation of glycine by mitochondria represents an important step in the metabolic pathway of photorespiration and is catalysed by the glycine decarboxylase complex. In order to accomplish rapid rates of glycine oxidation, to cope with all the glycine molecules flooding out of the peroxisomes, glycine decarboxylase is present at very high concentration in the mitochondrial matrix of leaf mitochondria (about 200 mg´mL 21 ) [1±3] . Glycine decarboxylase consists of four proteins named P, H, T and L. An intact complex has never been isolated, but each of the components can be isolated and purified independently, allowing the in vitro reconstitution of a functional assembly [4] . In vivo, H-protein is present in very large excess with respect to the three other proteins as shown by the estimated subunit ratio 2P : 27H : 9T : 1L [5] . The H-protein plays a central role by interacting successively with the three other components of the complex during the enzymatic reaction. It contains a lipoate molecule (5[3-(1,2)-dithiolanyl]pentanoic acid) covalently bound to a lysine (Lys63) through an amide linkage, making a 14-A Ê long lipoamide arm. The P-protein, a homodimer of 200 kDa containing pyridoxal phosphate, catalyses the decarboxylation of the glycine molecule and the transfer of the resulting methylamine group to the distal sulfur atom of the lipoamide of H-protein. The T-protein, a tetrahydrofolate-polyglutamate dependent monomer, catalyzes the transfer of methylene to tetrahydrofolate and the release of NH 3 . Finally, the lipoate group is reoxidized by the L-protein, thereby completing the catalytic cycle of H-protein (for the reaction mechanism [2] ). The L-protein is a lipoamide dehydrogenase (DLDH), a homodimeric (100 kDa) flavoenzyme. This enzyme belongs to the disulfide oxidoreductase family whose redox center is formed by a disulfide bridge coupled to a flavin ring. The catalysed reaction proceeds via the formation of a charge transfer complex between those two groups. DLDH is also a member of other multienzyme complexes such as pyruvate dehydrogenase and oxoglutarate dehydrogenase, where, as in the glycine decarboxylase, it catalyses the transfer of electrons between a lipoate group covalently bound to a protein, and NAD
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. In fact, it has been shown that, in pea leaf mitochondria, the L-protein is shared by at least two complexes, the glycine decarboxylase and the pyruvate dehydrogenase [6] .
To understand how the H-protein recognizes the different components of the complex and the mechanism by which the lipoamide interacts with the different catalytic sites, we have carried out structural studies of each protein component of the glycine decarboxylase system. We have already determined the three-dimensional structure of the H-protein by X-ray crystallography [7±9]. The crystal structure of the oxidized (H ox ) and methylaminated (H met ) forms of the protein show that, if the conformation of the protein is the same in the two forms, the spatial position of the lipoate cofactor is different. It is located at the surface of the protein, free to move into the solvent when it is oxidized, while in the methylaminated form it is locked in a very stable conformation into a cleft of the protein, being protected against nucleophilic attack by OH 2 ions. These results are in favour of a self-recognition between H met and the T-protein. Studies in solution using small angle X-ray scattering have actually shown the existence of a stable complex between the two proteins [10] . Furthermore, we have found that the crystal structure of the apoform of H-protein is also identical to that of H ox and H met [11] . Finally, NMR studies showed that the conformation in solution of H ox and H met and the position of the lipoate arm are in agreement with the crystal structures [12] .
In the present study, we have determined the crystal structures of the H-protein in its reduced form (H red ) and of the L-protein overexpressed in Escherichia coli, purified and refolded from inclusion bodies. This work, together with recent biochemical studies [13] leads to a model of the interaction between the H-and L-proteins during the reaction catalysed by the glycine decarboxylase complex.
M A T E R I A L S A N D M E T H O D S Preparation and crystallization of the H-protein in its H red form
The H-protein was overexpressed in E. coli and purified in the oxidized form (H ox ) as previously described [11] . Many trials using 1,4-dithiothreitol to reduce quantitatively the dithiolane ring of the lipoate moiety were unsuccessful. TCEP [Tris(2-carboxyethyl)phosphine] was then used as a reductive agent because of its higher efficiency and stability [13, 14] . The dithiolane ring of the lipoate group was reduced by addition of 15 mm TCEP to a solution of H ox (20 mg´mL 21 ) in 20 mm K 2 HPO 4 (pH 7.2). Crystals were grown by vapour diffusion at 8 8C, under argon to prevent any reoxidation of the protein, with the same precipitant as for H ox [7] . The reservoir contained 2 m ammonium sulphate, 10 mm TCEP and 100 mm Tris maleate (pH 5.2). . The rate of the reaction was followed by the NADH formation, at 340 nm, using a Kontron (Uvikon 810) spectrophotometer. The initial rate of NADH formation is proportional to the amount of H red present in the crystal [13] . (c) H met was then unloaded by addition of 0.3 mm T-protein and 100 mm tetrahydrofolate. At this stage, all the H-protein present in the solution was in the reduced form and was reoxidized by the L-protein. Comparison of the rates of NADH production in the steps (b) and (c) with a calibration curve (initial velocity vs. H-protein concentration) gives the amount and percentage of H red present in the crystal. The method is very sensitive, the limit of detection being about 5 pmol of H-protein.
X-ray data collection and structure refinement of H red Data were collected on a MAR Research imaging plate detector system mounted on a Rigaku RU-200 HB X-ray generator using a copper rotating anode and double mirror focusing optics. The crystal was flash-frozen at 100 K. At this [16] . Statistics of data collection are given in Table 1 . The space group and cell parameters show that the crystal forms of H red and H ox are isomorphous. The structure of H ox at 2 A Ê resolution [9] was used as the starting model (with the lipoate cofactor omitted from the structure). Refinement of the structure was carried out with the program cns [17] , including a bulk solvent correction. Several cycles alternating refinements with energy minimization and model adjustment with the program o [18] using omit maps, led to the final model. Individual B factors were refined. A total of 152 water molecules were included in this model. The results of the structure refinement are summarized in Table 1 .
The L-protein: construction of the expression plasmids
The plasmid pBS-L carrying a cDNA encoding the L precursor from pea (Pisum sativum L. cv. Douce Provence) leaf mitochondria [19] was used as a template to amplify by PCR a synthetic DNA fragment encoding the mature L-protein with suitable restriction sites for cloning into the expression vector pET-3a [20] . The sense primer 5
H included a NheI site (underlined) suitable for in frame cloning in pET-3a vector. The designed sequence is expected to yield an N-terminal sequence ASGSDENDV found at the N-terminus of mature L-protein. Indeed, the NheI site, introduced by PCR, generates silent mutations of the codons (5 H -GCCTCC-3 H ) that is without affecting the original mature L-protein AlaSer N-terminal sequence.
The antisense primer 5 H -GGGGGGATCCCTATGAAGGCT-TATAGTA-3
H was designed to incorporate a BamHI site (underlined) downstream of the TAG stop codon in the coding sequence of L-protein. After amplification, the target sequence was purified by agarose gel electrophoresis and recovered using Jetsorb (Genomed GmbH, Bad Oeynhausen, Germany). The fragment was blunt-end cloned into the EcoRV site of pBluescript (Stratagene) to yield pBS-LM plasmid. The construction was sequenced on both strands (Genome Express, Grenoble) to verify the sequence. We detected a single mutation (C instead of A) corresponding to the first base codon for Asn480 in the protein sequence (GenBank accession no. X63464). This could be in fact attributed to a sequencing error in the original work, the residue 480 being actually an His. The synthetic gene was excised from pBS-LM by digestion with NheI and BamHI enzymes and purified using Jetsorb procedure. Because of the occurrence of an additional NheI site (position 229) in pEt-3a, the synthetic gene was cloned into pET-3a by a triple ligation event including the NheI/BamHI synthetic gene, a short (0.5 kb) BamHI/HindIII fragment excised from pET-3a and containing the additional NheI site, and the pET-3a vector digested with BamHI and NheI. After transformation in E. coli DH5, a recombinant colony harbouring the pET-LM was selected and the construction of the plasmid verified by PCR and restriction analysis.
Expression of the recombinant L-protein
The expression plasmids described above were transformed into expression hosts E. coli BL21(DE3) or B834 (DE3)pLysS. Culture conditions and target gene expression were performed essentially according to the pET system manual (Novagen, Madison WI, USA). Cells harbouring pET-LM were grown under agitation at 37 8C in 4 Â 2-L flasks containing each 600 mL Luria±Bertani medium with carbenicillin (150 mg´mL 21 ) to a D 600 of 0.5. Induction of the L-protein expression was started by addition of isopropyl thiob-d-galactoside at the final concentration of 0.4 mm and after 3 h, the suspension was cooled on ice and centrifuged at 4 8C (4000 g, 15 min). All subsequent operations were carried out at 4 8C. The cell pellets were suspended in 70 mL of buffer containing 40 mm Tris pH 7.5 and 10 mm EDTA (Tris/EDTA buffer) frozen in liquid nitrogen and stored at 280 8C. After thawing, lysozyme was added to the bacterial suspension to a final concentration of 10 mg´mL
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. The cells were then stored for 30 min at 30 8C, sonicated using an Ultrasons Annemasse apparatus (5 Â 1 min, 200 V) and centrifugated (35 000 g, 15 min). The pellets, which contained the overexpressed L-protein present in inclusion bodies, were resuspended in 400 mL of solution containing 40 mm Tris pH 7.5, 10 mm EDTA and 0.5% Triton X100 (Tris/EDTA/ Triton buffer), and inclusion bodies were sedimented by centrifugation (11 000 g, 10 min). The inclusion bodies were washed three other times with Tris/EDTA / Triton buffer, once with Tris/EDTA buffer and stored as a pellet at 280 8C.
Refolding from inclusion bodies and purification of the recombinant L-protein
The proteins present in the inclusion bodies were resuspended with 2 mL of 6 m guanidine hydrochloride, 50 mm Tris (pH 8.4) and 100 mm 1,4-dithiothreitol and incubated for 1 h at 30 8C. Different refolding conditions were tried as described in [21] and one condition was found for the renaturation of the L-protein. This was performed at room temperature by diluting slowly the protein solution (2.45 mL, around 200 mg of protein) with 400 mL of 100 mm Tris (pH 8.4), 5 mm EDTA, 20% (v/v) glycerol and 20 mm FAD. After 30 min, residual aggregates were removed by centrifugation (11 000 g, 15 min) and the supernatant containing the folded L-protein was concentrated to 10±15 mL by ultrafiltration using a 400-mL stirred cell (Amicon) equipped with an Omega disc membrane We also tried to cocrystallize the H-and L-proteins in different stoichiometries (1H : 1L dimer, 2H : 1L dimer). In all the cases, we obtained crystals of the L-protein but failed to obtain crystals of a complex of the two proteins.
X-Ray data collection, determination of the structure and refinement of the L-protein
Crystals diffracted weakly and X-ray diffraction data were collected at ESRF, Grenoble (beamlines BM02 and ID14-EH3).
The best data were obtained on ID14-EH3 at a resolution of 3.15 A Ê with a crystal obtained in presence of potassium lipoate. Data were processed with mosflm [22] and scala (ccp4) [16] . The results and statistics on data collection are summarized in Table 2 .
Crystallographic structures of DLDH from several organisms are known, from Azotobacter vinelandii [23] , Pseudomonas putida [24] , Pseudomonas fluorescens [25] , Neisseria meningitidis [26] , Yeast [27] and from Bacillus Stearothermophilus [28] . The structure of the L-protein was determined by molecular replacement with the program AMoRe [29] using the structure of A. vinelandii lipoamide dehydrogenase [23] as a starting model. The solution search, performed in the range 10±5 A Ê using only the main chain atoms of one dimer as a model, led to two solutions corresponding to the two dimers in the asymmetric unit, with a correlation factor of 46.9% and an R factor of 44.6%.
Refinement was carried out with cns [17] including a bulk solvent correction. After rigid-body refinement, and using the strict noncrystallographic symmetry (NCS), the atomic model was built for one monomer with the program o [18] . Several cycles of refinements, with strict NCS, torsion angle refinement, simulated annealing and energy minimization were alternated with model rebuilding using the program o [18] . Despite a high average B factor, the electron density maps were very clear and allowed the complete reconstruction of the protein except for some loops at the surface of the protein. B-group factors were refined. The strict NCS imposed on the four monomers was then progressively replaced by restrained NCS on the monomers except for the active sites and for some loops which were refined independently, without any NCS. The final model contains 14 142 atoms (two dimers with two FAD molecules in each dimer, 104 water molecules). Two hundred and thirteen atoms mainly located in loops were not visible on electron density maps and were given an occupancy factor equal to 0. Geometry quality was checked with procheck [30] . The final R factor and Rfree are, respectively, 22.6% and 32.5% (Table 2) .
R E S U L T S

Structure of H red
The recombinant H-protein was produced in its oxidized form by overexpression in E. coli and the purified protein was then reduced by incubation in presence of TCEP. We verified that this reduction did not modify the biochemical properties of the H-protein [13] . In addition, we confirmed that the redox state of the H-protein in the crystal (see Materials and methods) was that of the reduced protein, i.e. with the lipoate reduced. This analysis showed that after diffraction studies, the crystals were still 80±90% reduced. The structure of H red has been determined by X-ray diffraction to a resolution of 2.6 A Ê . Both structures of H red and H ox are isomorphous. The conformation of the protein H red is identical to that observed for H ox [9±11] . The two molecules (a and b) of the asymmetric unit are mainly identical with r.m.s. differences in the Ca positions equal to 0.4 A Ê . For both molecules the reduced lipoate arm, covalently bound to Lys63, is localized at the surface of the protein as in the H ox structure [7, 9] . It is highly flexible as shown by the high thermal parameters (Table 1 ) and differences are observed between the positions of the lipoyl moieties of the two molecules (r.m.s. differences on Ca of the lipoamide arms equal to 1.4 A Ê ). The conformation of the molecule b of the asymmetric unit is shown in Fig. 1 and represented with the observed position of the lipoamide arm (in green). The position of lipoamide arm found in the molecule a was superposed (in red). That of the methylaminated form [8] was drawn in blue. As in the oxidized form, the reduced lipoate arm is localized at the surface of the protein and is able to move in the solvent. However, in the methylaminated form it is locked and stabilized in a cavity at the surface of the protein by hydrogen bonds between the methylamine group and the protein [8±10]. In the crystal structure, the movement of the lipoate arm, reduced or oxidized, is limited owing to the packing of molecules within the crystal. Nevertheless, studies in solution by NMR of H ox and H met showed that their conformation and also the position of the lipoate arm are in agreement with the crystal structures [12] . Interestingly, the crystal structure of the three forms of the H-protein are also in agreement with the structures obtained by molecular dynamics calculations minimizing the free-energy surface for the lipoamide arm [32] .
Overexpression. refolding from inclusion bodies and purification of L-protein
The pET-LM plasmid carrying the cDNA encoding the mature form of pea mitochondrial L-protein [19] was used to overexpress the L-protein in E. coli as described in Materials and methods. The recombinant L-protein, representing approximately 35±40% of the E. coli proteins was insoluble and sequestered in inclusion bodies. The inclusion bodies containing the L-protein were washed, solubilized with guanidine and conditions allowing the in vitro renaturation of the protein were found (for more details, see Materials and methods). The refolded L-protein was purified by ion exchange chromatography and the purified recombinant L-protein was then analysed by SDS/PAGE, nondenaturing PAGE and by isoelectric focussing gel electrophoresis. The native enzyme was also purified from pea leaves as described before [6, 19] and analysed in parallel with the recombinant enzyme. This analysis confirmed that the recombinant L-protein is a dimer as is the native protein. We also observed that the native and the refolded recombinant protein have an identical pI (around 5.4). The activity of the recombinant L-protein was also measured and compared with that of the native enzyme using the H-protein as substrate (using a new method described Fig. 3 . Alignment of the sequences of the L-protein from Pisum sativum (pea) and other lipoamide dehydrogenases from Azotobacter vinelandii (azovi), Pseudomonas putida (psepu), Pseudomonas fluorescens (psefl) and lipoamide dehydrogenase domain of a surface antigen from Neisseria meningitidis (p64k). Secondary structures were drawn using the program espript [34] .
in [13, 33] ). The specific activity of the recombinant enzyme was 202 mmol of NADH formed per min per mg of protein which is very close to that obtained with the native enzyme (206 mmol of NADH formed per min per mg of protein). All these results confirm the proper folding of the recombinant Lprotein rescued from inclusion bodies.
Structure of the L-protein
The structure of the L-protein, which is the first plant lipoamide dehydrogenase structure to be determined, was obtained from recombinant protein after refolding from inclusion bodies. It is very similar to the other DLDH [23±28]. The functional molecule is a dimer with an internal noncrystallographic twofold axis connecting the two subunits. A ribbon representation is shown in Fig. 2 . An alignment of the L-protein sequence with that of other sequences from bacterial DLDH is shown in Fig. 3 . The r.m.s. difference calculated on the Ca positions in the L-protein and the DLDH from A. vinelandii is 1.45 A Ê . As in the other DLDH structures, each monomer is composed of four domains (Fig. 2) : the FAD-binding domain (residues 1±147), the NAD-binding domain (148±279), the central domain (280±348) and the interface domain (349±470). The catalytic site has been previously described in detail for other DLDH. It involves some residues in the interface domain (this could explain why a dimer association is necessary for the activity of the protein) and consists of the isoalloxazine ring of FAD, a disulfide bridge (residues 45 and 50) in one monomer (A), and the residue His449 H in the other monomer (B). The isoalloxazine ring separates the binding site of the dihydrolipoamide from the binding site of NAD 1 . As in the other DLDH, the FAD molecule is in an extended conformation. A 2Fo±Fc electron density maps of the FAD region is shown in Fig. 4 . The a2 helix (residues 45±72) is distorted in the region Cys45±Pro52 to allow the disulphide bridge to form between Cys45 and Cys50. A distance of 4.82 A Ê between the carbons of the two cysteins, is observed instead of a value of 8.8 A Ê for an ideal helix. The potential surface of the dimer molecule, drawn with the program grasp [35] is represented in Fig. 5 and shows the entrance to the active site where the dihydrolipoamide associated with the H-protein binds to the L-protein. The binding site of the dihydrolipoamide forms a 11-A Ê deep canal with a narrow aperture facing the solvent (Fig. 5) . A stereo view of this binding site is shown in Fig. 6 . Inside the tunnel, in the vicinity of FAD, the residues are mainly polar or charged: Tyr19, Cys45, Cys50, Glu329 (monomer A) and His449
H (monomer B). His449 H which interacts with the disulfide bridge (Cys45±Cys50) during the reaction, is stabilized by hydrogen bonds with residues Glu329 and Glu454
H . As in all DLDH, the carbonyl group of His449 H also forms an hydrogen bond with the atom N3 of FAD. The two monomers A and B interact through an hydrogen bond between Tyr19 and His469
H . The region of the cavity accessible to the solvent forms an uncharged crevice with several hydrophobic residues which can interact with the aliphatic chain of the dihydrolipoamide. On one side (monomer A) are residues of helix a3: Leu98, Thr99, Arg100, Gly101, Ile102, Gly103, Leu104 and Phe105, the other side (monomer B) is composed of residues Pro384 H , Met386 H , Ala387 H and Ile470 H . Although the crystal of the L-protein was grown in presence of potassium lipoate, we did not observe any additional electron density that could correspond to the presence of the lipoate in the crystal. 
D I S C U S S I O N
The purpose of the present structural work was to study in more details the protein interactions occurring during the functioning of the glycine decarboxylase complex. This study, that complements the biochemical work presented in Neuburger et al. [13] , describes for the first time the crystallization and the three-dimensional structure of a plant dihydrolipoamide dehydrogenase (L-protein) and the reduced form of the H-protein (H red ) of the glycine decarboxylase complex. We focused our attention on the recognition of the L-protein for its true substrate: H red .
We show that the overall folding of the reduced form of the H-protein is identical to the other forms previously published (oxidized, methylamine-loaded and apo form, reviewed in [10] ). Interestingly, the crystal structure of H red shows that the reduced lipoate arm is at the surface of the protein and thus able to move in the solvent. The position of the lipoate arm found in the crystal, at the surface of the protein (Fig. 1) does not allow it to penetrate the active site of the L-protein. One possibility allowing the reduced lipoate arm to fit inside the cavity of the L-protein, involves a rotation of about 908 of the lipoate arm. In that case, there would be no strong interaction between the two proteins. In support of this suggestion, biochemical data presented in the companion paper [13] strongly suggest that there was no apparent molecular recognition and interaction between the H-and the L-proteins during the course of the reaction. In addition, the absence of a stable complex between the H-and the L-proteins is also supported by small angle X-ray scattering experiments on solutions containing the L-protein alone and a mixture of the two proteins in the ratio 2H : 1L dimer (data not shown). For the solution containing the L-protein alone (M r 100 kDa) the apparent molecular mass was close to 110^10 kDa. In the case of the mixture of the two proteins, the apparent molecular mass was much lower (90^9 kDa) than that of the expected value for a 2H : 1L dimer complex (128 kDa). Our data were in fact consistent with two types of independently scattering molecules arguing against a strong interaction between the two proteins, contrary to what was observed for the H-and T-protein [10] . These studies could explain why we have been unable to crystallize a stable H±L protein complex. From these observations and biochemical data [13] , it can be assumed that the main role of the H-protein could be to maintain the hydrophobic lipoate in a nonmicellar state, freely accessible to the catalytic site of the L-protein.
The pyruvate dehydrogenase complex, a large multienzyme complex, consists of multiple copies of three enzymes: a thiamin diphosphate dependent pyruvate decarboxylase (E1), a dihydrolipoyl acetyltransferase (E2) and a lipoamide dehydrogenase (E3). The acetyltransferase contains long, flexible linker regions connecting several domains including a lipoyl domain at the N-terminus (analogous to the H-protein of the glycine decarboxylase complex), followed by a small peripheral subunit binding domain and the catalytic domain (the acyltransferase active site) [28, 36] . Interestingly it has been shown that E3 forms a tight complex with the peripheral subunit binding domain (the crystal structure of this complex has been solved at 2.6 A Ê ). On the other hand the crystallization of the E3 domain with two domains comprising the lipoyl domain linked to the peripheral subunit binding domain by the natural flexible linker clearly indicates that no residues of the lipoyl domain could be located in the electron-density maps [28] . Again this result clearly indicates that no strong interaction exists between the lipoyl domain of the acetyltransferase and lipoamide dehydrogenase.
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